ABSTRACT: The Asian bush mosquito, Aedes japonicus japonicus, and the coastal rock pool mosquito, Aedes togoi, are potential disease vectors present in both East Asia and North America. While their ranges are fairly well-documented in Asia, this is not the case for North America. We used maximum entropy modeling to estimate the potential distributions of Ae. togoi and Ae. j. japonicus in the United States, Canada, and northern Latin America under contemporary and future climatic conditions. Our results suggest suitable habitat that is not known to be occupied for Ae. j. japonicus in Atlantic and western Canada, Alaska, the western, midwestern, southern, and northeastern United States, and Latin America, and for Ae. togoi along the Pacific coast of North America and the Hawaiian Islands. Such areas are at risk of future invasion or may already contain undetected populations of these species. Our findings further predict that the limits of suitable habitat for each species will expand northward under future climatic conditions. Journal of Vector Ecology 44 (1): 119-129. 2019.
INTRODUCTION
Container breeding mosquitoes, aided by globalization, have been particularly successful as invasive species (Lounibos 2002) . The use of ecological niche modeling to determine the suitable habitat of invasive species in new areas can aid in early detection and management, which is particularly important for mosquito vectors that pose a public health risk. For recent invaders, these models can identify suitable habitats not yet occupied due to the lag between the arrival of a species in a new region and its consequent dispersal throughout a viable habitat (Melaun et al. 2015 , Cunze et al. 2016 ). Distribution models can also be used to predict the future distribution of these invaders based on projected future climate conditions (Cunze et al. 2016) .
The Asian bush mosquito, Aedes (Finlaya) japonicus japonicus (Theobald), is native to Japan, Taiwan, Hong Kong, the Russian Far East, parts of China, and the Korean peninsula (Petrishcheva 1948 , Tanaka et al. 1979 . It is also a widespread invasive species that has colonized parts of Europe and North America and continues to spread (Kampen and Werner 2014, Kaufman and Fonseca 2014) . Ae. j. japonicus is found in much of central Europe (Schaffner et al. 2009 , Eritja et al. 2019 ) and continues to spread, with recent detections in Italy (Seidel et al. 2016a ), Hungary and Liechtenstein (Seidel et al. 2016b) , and Spain (Eritja et al. 2019) . Ae. j. japonicus was first detected in North America from collections taken in New York, New Jersey, and Connecticut in 1998 (Peyton et al. 1999) , and in 2001 it first appeared on the west coast, in Washington State (Roppo et al. 2004) . It has since spread throughout much of North America (Kampen and Werner 2014) , with populations now documented in Ontario (Thielman and Hunter 2006) , Newfoundland (Fielden et al. 2015) , Florida (Riles et al. 2017) , Oklahoma (Bradt et al. 2018 ), British Columbia (BC) (Jackson et al. 2016) , and many other regions. There are believed to have been several independent introductions that subsequently mixed as populations expanded and came into contact with one another (Fonseca et al. 2001 (Fonseca et al. , 2010 .
Aedes j. japonicus is a day-biting mosquito that inhabits forested areas and whose larvae are found in tree holes, rock pools, and artificial containers (Kaufman and Fonseca 2014) . It overwinters in the egg stage in cooler areas and in the larval stage in warmer areas (Kampen and Werner 2014) and takes its blood meals primarily from humans and other mammals but also from birds (Molaei et al. 2009, Kaufman and Fonseca 2014) . It functions as a competent vector of Japanese encephalitis virus (JEV) in Asia and may also be a competent vector of La Crosse encephalitis virus (LACV), St. Louis encephalitis virus (SLEV), eastern equine encephalitis virus (EEEV), West Nile virus (WNV), dengue virus (DENV), chikungunya virus (CHIKV), and Zika virus (ZIKV) (Sardelis et al. 2002 , 2003 , Schaffner et al. 2011 , Kampen and Werner 2014 , Kaufman and Fonseca 2014 , Harris et al. 2015 , Jansen et al. 2018 ).
The coastal rock pool mosquito, Aedes (Tanakius) togoi (Theobald), is a widespread species throughout subtropical to subarctic locations along the East Asian mainland, Japanese islands, and southern Kuril Islands (Petrishcheva 1948 , Tanaka et al. 1979 . A disjunct population also exists in Pacific North America (Wood et al. 1979, Darsie and Ward 2005) . This population was originally known to only reside in British Columbia (Wood et al. 1979) but is now found in parts of Washington State (Belton 1980 . Ae. togoi was first collected in North America sometime between 1940 and 1974 (Belton 1980 ) but its provenance is uncertain with both anthropogenic dispersal and Beringian dispersal alongside a lack of earlier records proposed as explanations for its presence in North America (Sota et al. 2015) . North American populations of Ae. togoi possess a unique haplotype of the cytochrome oxidase subunit I (COI) gene not known from documented Asian populations (Sota et al. 2015) . Whether this is due to a severe genetic bottleneck or natural drift over time is unknown (Sota et al. 2015) .
Ae. togoi blood-feeds on humans as well as other mammals (Omori and Fujii 1953, Tanaka et al. 1979 ) and birds (Petrishcheva 1948) . Ae. togoi can vector several pathogens, including JEV, Dirofilaria immitis, Brugia malayi, and Wuchereria bancrofti (Tanaka et al. 1979) . It inhabits coastal rock pools just above the high-tide line and can also be found in containers in human settlements, sometimes at great distances from the coast (Tanaka et al. 1979) . It can overwinter in the egg stage or the larval stage depending on winter conditions (Shestakov 1961) .
Ae. j. japonicus continues to expand its North American range (Kaufman and Fonseca 2014) , colonizing new areas and outcompeting native species (Andreadis and Wolfe 2010) , and the known range of Ae. togoi in North America also continues to increase (Petersen et al. 2017) . The objectives of this work are to predict the suitable habitat of these mosquito species, and to predict future possible changes in their distribution due to the projected effects of climate change.
MATERIALS AND METHODS

Occurrence data
We defined our study area as within latitude 13°N to 80°N and longitude 50°W to 180°W and used occurrence records within this extent. We took 158 Ae. j. japonicus occurrence records ( Figure 1 ) from a multitude of literature sources for North America (Peyton et al. 1999 , Sardelis and Turell 2001 , Fonseca et al. 2001 , Foss and Dearborn 2002 , Joy 2004 , Young et al. 2004 , Gray et al. 2005 , Larish and Savage 2005 , Sames and Pehling 2005 , Caldwell et al. 2005 , Gallitano et al. 2005 , Saenz et al. 2006 , Butler et al. 2006 , Wirth 2006 , Bevins 2007 , Morris et al. 2007 , Hughes et al. 2008 , Irish and Pierce 2008 , Neitzel et al. 2009 , Dunphy et al. 2009 , Armistead et al. 2012 , Gaspar et al. 2012 , Kaufman et al. 2012 , Thorn et al. 2012 , Fielden et al. 2015 , Jackson et al. 2016 , Petersen et al. 2017 , Riles et al. 2017 , Harwood et al. 2018 , Bradt et al. 2018 , Peach 2018 , and from museum specimen collection records from the Culicidae database (Thielman 2011) at the Canadian National Collection in Ottawa, Ontario, and from the Beaty Biodiversity Museum in Vancouver, British Columbia. Fortyfour North American Ae. togoi records ( Figure 2 ) were taken from a combination of literature sources (Belton and Belton 1989 , Stephen et al. 2006 , Sota et al. 2015 , Petersen et al. 2017 , from personal collection records in Port Renfrew, BC, and Victoria, BC (D. Peach, pers. obs.), and from museum specimens in the Beaty Biodiversity Museum in Vancouver, BC, and the Royal British Columbia Museum in Victoria, BC. Where a place name was given, we derived the associated coordinates from the centre of the location using Google Earth software. Due to the highly irregular shape of coastline, or the small size of islands from which some occurrences are reported, some occurrence data points did not occur on pixels that existed in Worldclim data. When this occurred, data points were moved to the closest 1 km 2 raster cell, unless the data point occurred on an isolated island in which case it was excluded from analysis.
Maxent
Maximum entropy niche modelling (Maxent) is a widelyused approach in invasive species habitat modelling (Medley 2010 , Fischer et al. 2011 , Rochlin, Ninivaggi, et al. 2013 , Campbell et al. 2015 , Melaun et al. 2015 , Cunze et al. 2016 , Johnson et al. 2017 , Estallo et al. 2018 . Maxent is a machinelearning algorithm which uses presence-only data to model species distributions ) and that compares favorably with similar methods (Elith et al. 2006 , even when limited presence data is available (Elith et al. 2006 . We used Maxent version 3.4.1 (Phillips et al. 2018 ) to model suitable habitats for Ae. togoi and Ae. j. japonicus. We used default Maxent settings with 20 replications for cross-validation and 10,000 background points. We analyzed results by visual inspection of maps and by the presence-only area under the curve (AUC PO ) of the receiving operator characteristic (ROC). This integral returns a value between 0 and 1 with a value greater than 0.5 indicative of a model that is more accurate than random, a value greater than 0.7 representing a useful model, a value greater than 0.9 representing an excellent model, and a value of 1 indicating a perfect fit (Swets 1988) . We also used Maxent to compare the relative contributions of the variables used in the models by means of randomly permuting the value of each variable on presence and background data, after which the model was reassessed. Any drop in AUC PO was transformed to a percentage and used as a relative metric of variable importance. We built maps using QGIS version 3.4.3 (QGIS Development Team 2018). Files were combined with Natural Earth physical and cultural map data (version 4.1.0, naturalearthdata.com) which provided state, province, and country boundaries as well as land-water interfaces.
Environmental variables
We downloaded 19 bioclimatic variables (Table 1) based on current climatic conditions at a scale of approximately 1 km 2 (Hijmans et al. 2005 ) from Worldclim (http://worldclim. org). We limited data to within our study area of within Latitude 13°N to 80°N and Longitude 50°W to 180°W. We selected bioclimatic variables based on suppositions about their biological importance and possession of a weak intercorrelation, defined as a Pearson correlation <|0.75| calculated with ENMTools version 1.4.4 (Warren et al. 2010) (Table 2) . When a pair of variables were highly correlated, we selected the one we believed to be most relevant. We prioritized parameters for winter temperature, as this is important for Ae. j. japonicus overwinter survival (Kaufman and Fonseca 2014) and can also affect the overwintering strategy of Ae. togoi (Sota 1994) . We also prioritized terms for lack of precipitation as a limiting factor since Ae. togoi larval habitats can dry out (Wada et al. 1993 ) and precipitation has been an important variable in other environmental models of Ae. j. japonicus distribution (Cunze et al. 2016) . We used ENMTools (Warren et al. 2010) to calculate an Akaike information criterion (AICc) to compare models created with candidate subsets of variables, model settings, and regularization multipliers. Models constructed from sets of six and five variables, with clamping applied, were retained for Ae. j. japonicus and Ae. togoi, respectively (Table 2) .
Representative concentration pathways (RCPs), based on a range of emission scenarios used in climate models to predict future climatic conditions, represent a range of climate outcomes possible based on current and future greenhouse gas emissions. To account for climatic uncertainty, we used RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.0 from the Community Climate System Model 4 (CCSM4) (Gent et al. 2011 ) to project future habitat suitability for Ae. togoi and Ae. j. japonicus in the year 2050.
RESULTS
Model selection
A total of six variables under default Maxent settings and a regularization multiplier of 2 were retained for Ae. j. japonicus, and five variables under default Maxent settings and a regularization multiplier of 1 were retained for Ae. togoi (Table 2) . Four shared variables were retained for both species: mean diurnal temperature range, mean temperature of the wettest quarter, mean temperature of the coldest quarter, and precipitation seasonality. An additional variable was retained for each species: precipitation of the wettest quarter for Ae. j. japonicus and annual precipitation for Ae. togoi. The Ae. japonicus distribution model has a mean AUC PO of 0.959 (±0.015) and the Ae. togoi distribution model has a mean AUC PO of 0.997 (±0.002), both representing models with excellent fits (Swets 1988 ).
Current distribution
The Maxent models predict unoccupied habitat for both species under current climatic conditions. The Ae. j. japonicus model shows suitable habitat through much of the central, southern, and eastern United States, the northern Gulf Coast, Atlantic Canada, southern portions of central Canada, Pacific Northwest America, the Hawaiian Islands, and portions of the Caribbean and northern Latin America (Figures 3a, 4a ). These include several regions from which Ae. j. japonicus has not yet been reported, such as Louisiana, Texas, California, Idaho, Kansas, Nebraska, Alaska, and many Caribbean Islands and northern Latin American countries. The models for Ae. togoi under current climate conditions predict suitable habitat along much of the West coast of North America, from British Columbia to California (Figure  5a ), as well as the Hawaiian Islands. As this mosquito has not yet been reported south of Washington State or north of Malcolm Island in British Columbia, much of this represents unoccupied suitable habitat.
Distributions under future climatic conditions
The distribution of suitable habitat for both Ae. j. japonicus and Ae. togoi is predicted to expand northward under projected future climatic conditions. Ae. japonicus is modelled to undergo a general northward expansion in range, as well as a limited expansion into the interior of North America. Southern Ontario, Michigan, Atlantic Canada, and the Pacific Northwest of North America are predicted to become particularly climatically suitable for this species (Figures 3b-e, 4b-e) . Currently suitable habitat in areas such as the Hawaiian Islands, the northeast of the United States, and the southern United States is predicted to remain suitable. These changes are roughly consistent over all four climate change scenarios tested, though with varying levels of magnitude. Suitable habitat for Ae. togoi is modelled to expand north along the mainland coast of British Columbia under all climate projections (Figure 5b -e). Existing habitat is projected to largely increase in suitability for Ae. togoi.
Importance of individual variables
For both species, the mean temperature of the coldest quarter had the highest permutation importance (Table  3) , with the mean diurnal temperature range the next most important variables for Ae. j. japonicus and the mean temperature of the wettest quarter as the next most important variable for Ae. togoi. Precipitation amounts were of little importance for modelled Ae. togoi habitat suitability (Table  3) .
DISCUSSION
Our models predict a vast range of suitable habitat for Ae. j. japonicus over much of the Nearctic and a range of suitable habitat for Ae. togoi restricted to the Pacific coast of Canada and the United States. Neither species has yet fully occupied the range of suitable habitat predicted by our models. As such, we predict that Ae. j. japonicus and Ae. togoi will continue to spread until they occupy the full extent of their relative habitats. This may be a concern for public health agencies and disease and vector surveillance personnel, who should be alert for the presence of these species, in the regions indicated as suitable in Figures 3, 4 , and 5.
In Canada and the United States, our model predicts that there is unoccupied habitat for Ae. j. japonicus under current climatic conditions in parts of the southern United States such as Louisiana and coastal Texas; portions of the Northwest such as northern California, the North Coast and interior of British Columbia, northern Idaho, and southern Alaska; and parts of the central United States such as Nebraska and Kansas. Several arboviruses pose a health risk in these areas, including LACV and SLEV in the south and WNV in the contiguous United States, and southern British Columbia (Roth et al. 2010) . Unoccupied suitable Ae. j. japonicus habitat exists in parts of northern Latin America and on the Islands of Cuba, Hispaniola, Puerto Rico, and Jamaica, as well as some of the lesser Antilles. This is particularly concerning due to the potential for Ae. j. japonicus to transmit ZIKV (Jansen et al. 2018) , DENV, and CHIKV (Schaffner et al. 2011 ) and the threat posed by these arboviruses in the Caribbean and Latin American regions (Bhatt et al. 2013 , Weaver 2014 , Patterson et al. 2016 , Vasudevan et al. 2018 . This model also suggests that Ae. togoi has the potential to become invasive in some parts of the Hawaiian Islands; with abundant traffic between the Hawaiian Islands and the west coast of North America there is a potential for anthropogenic introduction via means such as a water-filled container. All mosquito species present in the Hawaiian Islands are invasive and have arrived rapidly over the last few centuries, with Ae. j. japonicus being the most recent introduction (Winchester and Kapan 2013) . Mosquito-vectored pathogens have resulted in the extinction of several species of endemic Hawaiian birds and continue to pose a threat to extant species (Warner 1968) .
A limitation of our models is that presence-only habitat models can be inaccurate when produced from data that suffers from sampling bias (Yackulic et al. 2013) . Much of the coastline of British Columbia and Alaska is difficult to access and thus suffers from a dearth of sampling. Increased sampling in these areas is needed to establish the true northern limit of Ae. togoi in North America. In Asia, this mosquito has been found as far north as the Kuril Islands (Tanaka et al. 1979) and may occur farther north (Sota et al. 2015) . Increased sampling is also likely needed for Ae. j. japonicus in rural areas of Canada and the United States. Another limitation of our models is that they don't consider interspecific competition, such as between Ae. j. japonicus and Ae. albopictus, the presence of natural enemies, or how climatic conditions can affect the outcomes of such interactions ).
Our models found that mean temperature of the coldest quarter was the most important variable for predicting suitable Ae. j. japonicus and Ae. togoi habitat (Table 3) . This was also found to be the most important variable in models of suitable Ae. j. japonicus habitat in Europe (Cunze et al. 2016) , suggesting that this variable is essential to determining Ae. j. japonicus habitat suitability regardless of geographic location. Surprisingly, precipitation variables were relatively unimportant in our model for Ae. togoi habitat (0-0.2% relative importance, Table 3 ). A possible explanation is that, while Ae. togoi prefer to oviposit on pools of freshwater, they will still breed and develop in the equivalent of pure seawater (Trimble and Wellington 1979, McGinnis and Brust 1983) . Therefore, even though smaller coastal rock pools may dry out, resulting in larval mortality (Wada et al. 1993) , the water levels of larger coastal rock pools provided with ocean spray may be sufficient for Ae. togoi populations to persist.
In summary: 1) both Ae. j. japonicus and Ae. togoi can likely be expected to continue expanding their range within the study area. The ranges of both species will expand their northern limits under future climate change; 2) mean winter temperature is important in determining the habitat for both species, but lack of precipitation is not an important factor in determining Ae. togoi habitat; and 3) expanded sampling may lead to improved models of habitat suitability for both species. 
